Understanding the catchment areas of key stopover sites for migratory birds is important for their management and conservation. The Saskatchewan River Delta (SRD) in central Canada is North America's largest inland delta and an important spring and fall stopover site for migratory waterfowl, but there is little information on the origins of waterfowl that use the SRD. We used stable isotope analyses of hydrogen (d 2 H) and sulfur (d 34 S) in feathers of hunterkilled waterfowl on the SRD to infer natal or molt origins of 5 duck species, using spatially explicit assignment to a d 2 H feather isoscape developed for waterfowl in North America. Initial classification with d 2 H estimated that 50% were migrants from the north and 10% were assigned to regions south of the SRD, leaving only 39% of the sample with origins in the SRD. Using thresholds in feather d
INTRODUCTION
Establishing connections between breeding, stopover, and wintering sites used by populations of migratory birds is important for their conservation and management (Webster et al. 2002 , Szymanski et al. 2007 , Nelson et al. 2015 . For harvested species, connectivity information also facilitates decisions about the allocation of harvest quotas by identifying key production areas and factors potentially influencing recruitment (Alisauskas et al. 1998 , Webster and Marra 2005 , Boere and Stroud 2006 as well as identifying movements of pathogens and contaminants (Gunnarsson et al. 2012) . Combined with breeding population estimates, such information for harvested species allows a more refined assessment of the impact and sustainability of the hunt.
Approximately 50 million waterfowl breed in northern regions of North America and migrate to overwintering sites in the south, including Mexico, the Caribbean, Central America, and South America (Bellrose 1976 Waterfowl movements in North America have been described primarily through extensive banding programs (Lavretsky et al. 2014 , Buhnerkempe et al. 2016 ). Such programs have been an invaluable resource for waterfowl management but, like all extrinsic markers, suffer from limitations. For example, data are limited to the banded cohort and so are biased toward the region of initial sampling (Hobson and Norris 2008, Korner-Nievergelt et al. 2010) . This can be a serious issue for birds that occupy large geographic regions. For many species, sampling young-of-the-year can be difficult, and so inferring which areas are the most or least productive can be almost impossible at continental scales. Miniaturization of satellite transmitters and geolocators has extended remote monitoring to small songbirds, but cost and logistics still limit the use of these technologies, especially when tags need to be recovered in remote places (Dieter and Anderson 2009 , Bridge et al. 2011 , Brown et al. 2017 , Kramer et al. 2017 .
The use of intrinsic assays such as molecular markers or naturally occurring stable isotope ratios offers a way to augment more conventional means of tracking migrant wildlife . Stable hydrogen isotope ( 2 H/ 1 H, measured as d 2 H) measurement of animal tissues is a powerful tool for inferring origins of migrants because this isotope undergoes predictable changes in food webs across continents. This approach has been used successfully in describing origins of several waterfowl populations in North America (Hebert and Wassenaar 2005a , Yerkes et al. 2008 , Ashley et al. 2010 ; see also Hobson et al. 2006) .
The Saskatchewan River Delta (SRD), North America's largest inland delta (~10,000 km 2 ), has long been recognized as an important breeding and stopover location for waterfowl within the Central and Mississippi flyways (Bellrose 1976 , Schmutz 2001 , Baschuk et al. 2012 . Over the past century, water flow through the delta has been modified by climate change, construction of dams, and extractions for irrigation (Schindler and Donahue 2006, Gober and Wheater 2014) . As a result, the Saskatchewan River has reduced summer peak floods and smaller total wetland area (Sagin et al. 2015) . In light of these developments and the paucity of information on the origins of waterfowl that use the SRD, we used stable isotope approaches to infer origins of hunter-killed ducks during the fall harvests of 2013 and 2014. Our objective was to provide fundamental baseline information on the structure of the fall harvest by differentiating between locally produced (or molted) birds and those derived from breeding populations away from the SRD. We anticipated that most migrants would be from the north, but we had no a priori expectations on the composition of populations and how they might differ among species and age-sex classes. Our ultimate goal was to demonstrate the utility of the stable isotope approach as a monitoring tool to track changes in the use of the SRD by waterfowl, particularly in anticipation of major anthropogenic changes expected for waterfowl habitat throughout their range (Johnson et al. 2005) . We also wanted to emphasize stable isotopes as a monitoring and research tool in the broader context of managing and conserving waterfowl in North America.
METHODS
The SRD lies at the Saskatchewan-Manitoba border in the Boreal Plain, a transition zone between prairie and the forests of the Boreal Shield. Sampling for waterfowl was conducted at 5 shallow lakes and river backwaters (Grassy Point, Muskeg Lake, Dumbell Lake, Bens Lake, and Big Eddy) in the upper SRD (53.98N, 102.98W; Figure 1) ). At the time of sample collection, the backwaters and lakes were open water with vegetation interspersed at the periphery.
Aquatic macrophytes such as sedges (Carex spp.), reed grass (Phragmites australis), and cattails (Typha spp.) dominated the emergent zone vegetation.
Wing and Water Collection
A total of 236 hunter-killed birds were sampled, comprising Mallard (Anas platyrhinchos, n ¼ 93), Northern Pintail (A. acuta, n ¼ 36), American Wigeon (A. americana, n ¼ 20), Green-winged Teal (A. crecca, n ¼ 35), and Blue-winged Teal (A. discors, n ¼ 52). With the exception of Mallard, all species were collected in both years, with the majority of collections occurring in 2013 (202 of 236 birds). Wing samples from each bird were kept on ice in the field, frozen, and transported to the aquatic food webs laboratory at the Toxicology Centre, University of Saskatchewan (Table 1) .
To compare with modeled amount-weighted mean annual d 2 H in precipitation (d 2 H p ) for our study site, surface water samples (n ¼ 7) were collected at various SRD locations in August 2013, including 3 of the sites where birds were later harvested. These water samples were kept at room temperature, with no head space, in closed vials until they were analyzed for d 2 H.
Wing Preparation and Identification
Wings were allowed to thaw and then were sexed and aged using a wing identification manual (Carney 1992 
Statistical Analyses
All statistical analyses were conducted in SPSS 22.0 (IBM, Armonk, New York, USA). First, ordinary least squares regression was used to test for the effects of timing of collection on d 2 H f , and analysis of variance (ANOVA) was used to test for a year effect. The year effect was tested using only 4 of the 5 species because Mallards were not collected in 2014. An ANOVA was then used to evaluate whether observed d 2 H f differed according to age (adult or juvenile), sex (male or female), and species; this model included all 2-way interactions. A Tukey's post hoc test was used to make comparisons of marginal means for each species. Differences were considered significant at a ¼ 0.05.
Assignment to Origin
Previous studies have used estimates of the amountweighted mean annual or growing-season precipitation d 2 H (d 2 H p ) to estimate expected d 2 H f at a given location using an appropriate calibration algorithm (Bowen et al. 2005 , Hobson 2008 ). However, waterfowl habitat in the SRD was clearly dominated by flows from the Saskatchewan River (Sagin et al. 2015) , with~75% of the flow originating from the Rocky Mountains in Alberta, where d 2 H p tends to be more negative than local precipitation. For example, queries in the Online Isotopes in Precipitation Calculator (Bowen and Revenaugh 2003) for locations west of the cities of Calgary and Edmonton (À114.788 W, 52.198N to À116.668W, 52.218N; elevations of 1,000-2,200 m) yielded values ranging from À179% to À126% (n ¼ 10), lower than predicted values for precipitation at the SRD (approximately À120%). Evaporation of this water during transit along the basin further complicates the choice of d 2 H p . Thus, we used summer-collected surface water samples from the SRD (mean ¼À126%, SD ¼ 13%, range: À140% to À100%, n ¼ 7) as a best estimate of water available for feather growth in local birds. This approach was further supported by average winter water isotope values from wetlands in the same region (mean ¼À125%, SD ¼ 10.6%, range: À145% to À112%, n ¼ 26 sites; MacKinnon et al. 2016) .
Prior to assigning birds to their molt origins, we first assigned birds as locals vs. migrants using likelihood-based assignments. We first calculated the expected feather value for birds molting on the delta (d 2 H fd ) by applying a rescaling function derived by regressing d 2 H f of knownorigin Lesser Scaup (Aythya affinis) against d 2 H p (Clark et al. 2006 2 H f using a normal probability density function to assess the likelihood that the unknown-origin sample had grown its feather on the delta, given expected variation in d 2 H f between individuals growing their feathers at the same location. We estimated expected variation using the distribution of residuals (SD ¼ 12.8%) from the Clark et al. (2006 (Chabot et al. 2012 , Wunder 2012 , Wunder 2010 , Van Wilgenburg and Hobson 2011 . We first created a map (hereafter Bowen et al. (2005) into equivalent feather values. Finally, we used a spatial ''mask'' operation to limit the isoscape to only those areas of the continent falling exclusively within the species' breeding range, based on a digital breedingrange map (Ridgely et al. 2007 ).
Following Hobson et al. (2009) , we used band recovery data to calculate prior probabilities that a hunter-killed bird shot within the Central Flyway originated from the Atlantic, Mississippi, Central, or Pacific flyway. We first obtained band recovery data from the Bird Banding Lab of the U.S. Geological Survey (https://www.pwrc.usgs.gov/BBL/index.cfm) for all 5 of our study species that were banded and subsequently recovered between 2004 and 2014. From these data, we selected only records involving hunter-recovered birds, and we further screened the data so that only birds banded during the breeding months of May, June, and July were retained. We overlaid the banding location and recovery locations on a geospatial layer delineating the flyway boundaries (see Hobson et al. 2009 ) and associated each banding and recovery location with the flyway in which it occurred. Finally, we used crosstabulation to calculate the frequencies at which a species was banded in a given flyway and subsequently recovered elsewhere. Based on these frequencies, we parameterized a set of prior probabilities (Table 2) to be used in our assignment model (below).
Following isoscape creation and band recovery analysis, we estimated the likelihood that individual cells (i.e. pixels) within the isoscape represented a potential origin for a given sample by comparing the observed d 2 H f against the isoscape-predicted d 2 H f using a normal probability density function ). Following Hobson et al. (2009) , we then applied Bayes' theorem to assess the posterior probability that an individual pixel within the isoscape was the putative origin of a given sample, conditional on the prior probability that it originated from the flyway in which the pixel in question occurred, based on the band recovery analyses (above). After normalizing the probabilities to sum to 1, we assigned individuals to likely origins within the isoscape by selecting the raster cells that were consistent with the upper 67% of estimated ''probabilities of origin'' for each individual and coded those as 1 and all others as 0. In addition, we examined sensitivity to the choice of odds ratio by repeating the assignments by selecting the upper 75% of estimated ''probabilities of origin'' for each individual and coding those as 1, and all others as 0, consistent with 3:1 odds. We subsequently summed the results of the assignments over all individuals by addition of the surfaces (Hobson et al. 2009, Van Wilgenburg and Hobson 2011) .
While our classification using d 2 H f allowed assignment of birds to local vs. northern or southern migrant categories, there is overlap in d 2 H p between source water in the SRD and precipitation over a large portion of the prairies. Therefore, to further segregate birds that had been assigned to the SRD into prairie and forest biomes, we also analyzed feathers from a subset of 75 birds with the highest (least negative) 
RESULTS

Feather d
2 H values ranged widely, from À230% to À60%, but 75% of the samples (N ¼ 236) had values between À180% and À140%. There was no significant variation with respect to collection date (r 2 , 0.05, P . 0.05) in 2013 or 2014 (Appendix Figure 6) , and there was no difference between collection years (F 1,135 ¼ 0.499, P ¼ 0.51). Therefore, data were grouped into a single analysis for sex, age, and species effects. No interactions were significant (P . 0.05), and neither sex (F 1,235 ¼ 2.326, P ¼ 0.13) nor age (F 1,235 ¼ 0.212, P ¼ 0.93) had significant effects on observed d 2 H f , but there were significant differences among species (F 4,235 ¼ 5.867, P , 0.001) (Figure 2 ). American Wigeon had the lowest d 2 H f mean (À180.5 6 20.9%), lower than those of all other species (P 0.001 for all pairwise comparisons). Northern Pintail (À164.0 6 22.4%) had the next-lowest d 2 H f values, but these did not differ significantly from Mallards (À156.5 6 16.1%), Blue-winged Teal (À154.8 6 21.7%), or Greenwinged Teal (À157.3 6 14.8%) after a Bonferroni adjustment for multiple comparisons (a/10, P , 0.005). 
Assignments to Origin
Applying the rescaling function resulted in predicted d 2 H f values for birds growing their feathers in the SRD ranging between À161% and À135% at 2:1 odds, and between À163% and À133% at 3:1 odds. In total, 93 birds were classified as having grown their feathers in the delta (Table  3) , representing~39% of the total when assessed at 2:1 odds. Only 24 birds (10%) were classified as having come from south of the delta; 119 birds (50%) were classified as having come from north of the delta. The proportion of local birds was~8.5% higher when assessed using 3:1 odds, with a total of 113 birds classified as having grown their feathers in the delta (Table 3) .
Using our spatially explicit assignment approach, source areas for northern birds differed slightly among species (Figures 3-5) . Of the 16 Green-winged Teal assigned as having come from north of the SRD, all were primarily consistent with origins north of 608 latitude from eastern Yukon to the Nunavut border and north to the Arctic Ocean (Figure 3) . Three Green-winged Teal assigned as having come from ''south'' of the SRD were consistent with much of the prairie pothole region of western Canada, northern boreal regions of Manitoba, and southern boreal regions of Alberta and Saskatchewan; however, our assignment algorithm could not rule out portions of northwest Alaska as a potential origin for Green-winged Teal (Figure 3 ). Northern-origin American Wigeon (n ¼ 18) were largely consistent with areas surrounding the Mackenzie Mountains along the YukonNorthwest Territories border, or with areas along the northern reaches of the Mackenzie River (Figure 3 ). Only one American Wigeon was assigned an origin ''south'' of the SRD, its likely origins including much of the prairie pothole and boreal regions of Manitoba and Saskatchewan (Figure 3) .
Origins of 21 Blue-winged Teal that were assigned as northern migrants were primarily consistent with origins north of 608 latitude from eastern Yukon to the central Northwest Territories north of Great Slave Lake (Figure 4 ). Of the 6 Blue-winged Teal that were assigned as migrants from south of the SRD, the majority (n ¼ 5) were assigned to prairie pothole and southern boreal regions immediately south of or surrounding the SRD, while 1 individual (a juvenile female with a d 2 H f value of À60.5%) was consistent with southern portions of the breeding range near the Texas Panhandle (Figure 4 ). Of the 41 Mallards assigned as northern migrants, all were primarily consistent with origins north of 608 latitude from eastern Yukon to a few hundred kilometers west of the Nunavut border and north to the Arctic Ocean (Figure 4 ). Of the 11 Mallards assigned as having come from ''south'' of the SRD, the majority were consistent with the prairie pothole and southern boreal regions immediately south of or surrounding the SRD; however, our assignment algorithm could not rule out portions of northwest Alaska as a potential origin for these individuals (Figure 4) . The majority of the 21 Northern Pintails that were identified as northern migrants had likely origins in a region surrounding Great Bear Lake from the YukonNorthwest Territories border eastward to western Nunavut; only a few individuals were consistent with areas south of Great Slave Lake ( Figure 5 ). Like other species, the 3 Northern Pintails assigned to origins south of the SRD were largely consistent with the prairie pothole and southern boreal regions immediately south of or surrounding the SRD but could not be distinguished from potential origins in northwestern Alaska on the basis of our assignment algorithm ( Figure 5) .
Results for the 75 delta birds analyzed for d 34 S ranged from -18% to 10% (mean ¼ À3.2 6 5.9%). Though this mean value was similar to our values for delta invertebrates (d 34 S: -3.2 6 1.8%, range: -5.8% to -1.2%, n ¼ 5) and fishes (d 34 S: -1.9 6 0.8%, range: -3.2% to 0.8%, n ¼ 28), the broad range of feather d 34 S values meant that very few presumed delta birds had values that matched local prey. In total, 49 of 75 birds that were analyzed had feather d 34 S values outside the range of delta fishes or invertebrates. A reassignment of these birds based on d 34 S reclassified 37% of that cohort as originating from prairie (d 34 S f , -6%), 27% classified as coming from forested areas (d 34 S f . 1%) that typically occur north of the delta, and only 36% within the expected range for delta birds (À6% to 1%). All subsequent assignments reported for each species take into consideration both isotopic values consistent with a delta origin. At the species level, 28% of Mallards (n ¼ 26) were classified as prairie or southern birds, 52% (n ¼ 48) were assigned to the north or forest, and 20% (n ¼ 19) were assigned to delta origins. Blue-winged Teal had almost equal numbers classified as southern-prairie (29%, n ¼ 15) and northern-forest (48%, n ¼ 25), and 23% (n ¼ 12) assigned to the delta; and Green-winged Teal had 23 birds (66%) classified as northern-forest, 5 birds (14%) classified as southernprairie, and only 7 of 35 birds (20%) assigned to the delta. Most (95%) American Wigeon were reassigned to the north, with only 5% assigned to each of southern-prairie origins and the delta. Northern Pintails also exhibited a similar trend, with the majority (25 of 36 birds, 69%) classified as northern-forest. Only 5 birds (14%) were classified as southern-prairie birds, and only 6 birds were assigned to the delta (17%).
DISCUSSION
By measuring d
2 H f and d
34
S f values in feathers of hunterkilled birds, our results confirm the importance of the SRD as a stopover site for migratory ducks during fall migration. The assignment of birds to various origins on the basis of isotope data complements existing knowledge from band recovery data and the literature. Sulfur isotope data proved to be a useful tool in further delineation of birds into prairie and forest regions, respectively, and the dual isotope approach improved assignment Wassenaar 2005a, 2005b) .
The lack of variation in d 2 H f according to age and sex suggests a lack of differential migration between sexes and ages. This is in agreement with Guillemain et al. (2009a Guillemain et al. ( , 2009b and with Legagneux et al. (2012) for Green-winged Teal in Europe. However, our observations contrast with studies done by Moisan et al. (1967) and Jahn and Hunt (1964) , who showed inter-individual variation in migration in Green-winged Teal and Blue-winged Teal. Individual American Wigeon and Northern Pintails have also demonstrated this behavior (Sowls 1955, Jahn and Hunt 1964) , as have Mallards (Boyd 1961) . Our observations do not support the hypothesis that males travel to specific sites far from the breeding grounds to molt (Munro 1949 , Bellrose 1976 , as this would have produced variation in d 2 H f between males and females. While males and females could still be moving to different places with similar isotopic values after breeding, these movements are likely relatively restricted, with adult males molting at locations within the same isotopic range of the females and juveniles (but see Gollop 1960 , Gilner et al. 1977 . The nonsignificant differences between sexes could also be a result of the relatively small sample sizes. More sampling is clearly required to fully resolve details of postbreeding movements within species.
It is important to acknowledge that assignment based on spatially explicit and threshold approaches using stable isotopes have sources of error associated with estimation of true isotopic relationships between local waters driving food webs in any given year and the incorporation of those values into bird tissues (Hobson 2008) . For this reason, we employed both a threshold approach and spatial, probabilistic assignment. Spatial interpolation error can also arise when data from points are interpolated over a given geographic area using precipitation models (Wunder and Norris 2008) . To account for this error, we used d 2 H of river water in the years of study to better anchor values for the SRD relevant to waterfowl diet and then calibrated the existing feather isoscape using known-origin samples (Clark et al. 2006) . Other sources of error include possible differences in isotopic discrimination factors between environmental waters and feathers of adults and juveniles grown at the same location (Langin et al. 2007 , Coulton et al. 2010 ) as well as a large overall range in values within sites for known-origin birds (Clark et al. 2006 ). However, we accounted for expected within-site variation in d 2 H f values by using the standard deviation of the residuals to develop the thresholds and to propagate error in the spatially explicit assignments (Hobson 2008, Wunder and .
The assignment of a large proportion of birds to the north suggests that the few band recoveries taken in the SRD from northern areas (only 4 of 625 total recoveries in the USGS banding database) reflect a lack of banding effort in those areas (Slattery 2008) , rather than limited production. Prairie wetland abundance is positively correlated with the amount of waterfowl produced (Johnson et al. 2005) . The relatively few birds that were produced or molted in the SRD, despite the vast habitat available, may be attributed to extensive flooding in summer 2013; nests and molting individuals were likely displaced as water levels were abnormally high (C. K. Asante personal observation). Rapid rises in water levels during nesting are known to cause nest failure in waterfowl (Greenwood et al. 1995) , as has been observed in the Peace-Athabasca Delta (Timoney 2013) .
Our results suggest that birds flock into the SRD from the boreal forest and large wetland complexes such as the Peace-Athabasca Delta (theoretical d 2 H p range for that area: À130% to À139%, expected d 2 H f ' À169% to À145%) during fall migration, and most of these birds are produced or have molted in the north. Our assignment surfaces showed that the majority of individuals of all species originated in the Northwest Territories, primarily north of Great Slave Lake or perhaps along the Mackenzie Mountains and/or the Mackenzie River (Figures 3-5 ). This is supported by d 34 S data for feathers that further classified many supposed SRD birds as coming from forested areas, as suggested by previous studies Wassenaar 2005a, 2005b ). An additional challenge with hydrogen isotopes is that in North America, there are similarities in d 2 H p between southwest and central Canada, northern Quebec-Labrador, and Alaska (Bowen et al. 2005) , such that incorrect assignment can occur if birds cross flyways. Band recovery data suggest that a small proportion of birds that were banded in Alaska have been recovered in the SRD and the prairies (18 recoveries over the past 50 yr), which was reflected in our prior probabilities in the spatial assignment.
The presence of prairie birds and southern birds in the SRD with d 34 S less than À6% may reflect the movement of waterfowl from temporary pond habitats that desiccate or otherwise decline in resources seasonally (Stephens et al. 2007 , Johnson et al. 2010 . The large number of birds assigned to the prairies indicated that these birds were either produced or molted there, likely because annual precipitation was above average in the Canadian prairies in both years, leading to a higher-than-average number of ponds in the region (USFWS 2015) .
Mallards are the most abundant waterfowl species in North America and also have the largest breeding range (Bellrose 1976 Szymanski et al. (2007) , who reported values between À120% and À80% for flightless Mallards in North Dakota. Most of the birds in the SRD that were later classified as ''prairie'' were Mallards. The isotopic monitoring of natal origin for Mallard, as demonstrated here, seems particularly relevant to the management of this species and the delineation of birds derived from the prairie and boreal biomes.
Assignment regions were largely consistent with known breeding ranges of the 5 waterfowl species. However, Green-winged Teal had a similar proportion of birds assigned to the north as Blue-winged Teal, despite slight differences in their breeding ranges (Bellrose 1976) . Bluewinged Teal largely breed and molt in southern areas such as the prairie pothole region (Klett et al. 1988 , Barker et al. 2014 , so further isotopic sampling of this species may be warranted. The overwhelming assignment of American Wigeon and Northern Pintail to northern geographic areas is consistent with these species' range maps (Bellrose 1976) ; notably, for Northern Pintail, there have been isotope studies connecting the species to breeding areas as far north as Alaska (Yerkes et al. 2008) . It is also important to note that .60% of the North American population of American Wigeon breed in the boreal forest of Canada (USFWS 2015) and that Northern Pintails have one of the most northern migrations (Bellrose 1976) . Studies of the latter species based on d 2 H and d 34 S showed that the isotopes provided reliable estimates of origins of individuals at broad spatial scales, and that individuals breeding in the north are underestimated because regular surveys in the central Canadian Arctic may miss many areas that Northern Pintails use in some years Wassenaar 2005a, 2005b) . The Northern Pintail is of conservation significance because of a reduction in populations Duncan 1999, USFWS 2015) . Increases in wetland density have not resulted in increased populations, which suggests that other factors, like wetland and upland habitat quality, may be involved (Podruzny et al. 2002) .
Because waterfowl survey and banding efforts are limited in northern Canada, the potential of northern habitats to contribute to waterfowl populations is poorly documented. Our research confirms that isotopic tools can be used to document regions of actual production and recruitment of waterfowl that occupy vast and largely inaccessible regions of the continent ). Such information would be invaluable as a means of informing predictive models (e.g., Barker et al. 2014) . Unfortunately, despite the obvious contributions to management that can be made by adopting a significant isotopic assessment of waterfowl origins in North America on an annual basis, there is little evidence to date that such an initiative is forthcoming. With expected rapid changes to waterfowl habitat in prairie and boreal biomes, isotopic monitoring as demonstrated here should be fully adopted in the SRD and in other key wintering and stopover sites (Webb et al. 2010 ) whose value as critical habitat is likely to increase (Johnson et al. 2005) .
